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� Central Composite Design method
was effective in designing novel
lightweight ultra high-performance
concrete (L-UHPC).

� The L-UHPC prepared with micro-
sized glass microsphere and
lightweight aggregates had ultra high
strength (>120 MPa) and low density
(<1950 kg/m3).

� The developed L-UHPC had excellent
structural efficiency, superior
functional and durability properties.

� The high strength lightweight
microspheres and high rigidity of
paste matrix contributed to great
performances of L-UHPC.
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The inferior mechanical properties and durability of conventional lightweight concrete restrict its wider
application. This study intended to design a novel lightweight ultra high-performance concrete (L-UHPC)
using a mathematical approach, with a view to achieving low density and excellent performance. Two
lightweight materials (i.e. micro-sized glass microsphere and expanded shale aggregates) were intro-
duced in the mix design of L-UHPC. The statistical optimization via Central Composite Design was proved
to be an effective method to produce the L-UHPC. The designed L-UHPC showed comparable or even
superior functional and durability properties than normal-weight UHPC and high-performance cement
mortar. The use of specified lightweight materials played prominent roles in ensuring the mechanical
properties of L-UHPC. The high microhardness of paste matrix and the internal curing of lightweight
aggregates contributed to the great durability of L-UHPC. The development of L-UHPC can provide a
new solution for constructing high-performance lightweight structures and composites.
� 2022 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

There are two contrary design concepts for concrete develop-
ment, one is to increase the density of the matrix as high as possi-
ble aiming to attain better performance, and the other is to reduce
the density of the matrix as low as possible targeting to achieve
better thermal insulation. The former is the common way to pro-
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duce high strength and high-performance concrete for structural
applications. The latter technique is commonly used to produce
non-load bearing components, such as insulation materials. One
typical concrete of using the former design concept is the ultra
high-performance concrete (UHPC). A number of investigations
[1–5] have tried to improve the properties of UHPC by means of
increasing its packing density. The higher packing density gener-
ally gives rise to good compaction of the constitutes and results
in a low porosity matrix [2,5]. Hence, the concrete can theoretically
attain higher mechanical properties and greater durability. For
optimizing packing density of UHPC, different models and
approaches have been proposed [2,4]. Therein, the Andreasen &
Andersen packing model or its modified version is the most popu-
lar model to obtain a densely solid particle packing. To upgrade
this model by further considering the liquid phases, a method of
high wet packing density was recently developed to optimize the
design of UHPC [6]. Unlike the design of high-density concrete,
ultra lightweight concrete (ULC) is also attracting a lot of interests
for energy-saving purposes [7–10]. To reduce the weight of con-
crete, the elimination of heavy raw materials in the concrete, such
as natural aggregates, is the first consideration, followed by addi-
tions of alternative porous materials with very low density [11].
Another approach to make the ULC is by incorporating a large vol-
ume of air voids in the mixture. Chemically generated gases and
physically stable foam are two common types of air voids intro-
duced into the concrete [12]. Due to the presence of porous mate-
rials and voids in the matrix, the overall density of ULC can be
reduced to 1000 kg/m3 or even lower.

In light of the opposite design concept with density towards
two directions, UHPC and ULC have individually been successfully
developed and put into practical applications [13,14]. However,
barriers still exist to extend their application areas. One of the
major deficiencies of UHPC is the high autogenous shrinkage since
it usually consists of a high volume of fine powder and a very low
water content [15]. Several solutions have been proposed to miti-
gate this issue and reduce the risk of early-age cracking, including
the uses of shrinkage reducing admixture [16,17], internal curing
agents [18,19], expansive agents [20,21], fibers [17,22], etc. Among
these, the inclusion of internal curing materials was regarded as
the most effective solution to lower the autogenous shrinkage of
UHPC [15]. For the ULC or conventional lightweight concrete
(LWC), the high porosity of matrix would inevitably result in poor
mechanical properties and durability performance. However, with
the increasing expectation for LWC in servicing as structural mate-
rials, the improvements of its strength and durability are of great
importance.

The strategies for producing a high-strength and high-
performance LWC mainly rely on the use of high-quality cement
mortar and high-strength lightweight aggregates (LWA). Replace-
ments of some parts of cement by pozzolanic materials (i.e. silica
fume, metakaolin, fly ash and ground granulated blast-furnace)
are used to make the mortar matrix more dense [23–27]. As the
LWAs are the weakest components in the LWC, increasing the
crushing resistance of LWAs seems to be able to enhance the
mechanical properties of LWC [28]. Thus, high-strength artificial
and natural LWAs, e.g. sintered fly ash [24,29], expanded clay
and slate [30,31] and oil palm shell [32,33], are adopted to prepare
high-strength LWC.

Aforementioned, the high-density concrete and the low-density
concrete have respective advantages and disadvantages. Whether
there is a compromised solution that can exploit the advantages
of the high strength of UHPC and the light weight of LWC, and
meanwhile, evade the high shrinkage of UHPC and low strength
of LWC. Therefore, this study intended to design a novel light-
weight ultra high-performance concrete (L-UHPC), aiming to
achieve ultra high strength, low density and low shrinkage simul-
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taneously. Previously, most of the structural LWC exhibited com-
pressive strength of 40–70 MPa and structural efficiency (i.e.
ratio of strength to density) of 20–40 kNm/kg [34–36]. It is of great
interest to explore an effective approach for producing a structural
LWC with ultra high strength and higher structural efficiency, with
a view to satisfying the increasing demands of long-span structures
and construction in hostile environment. In previous literature,
very few studies have successfully prepared a structural LWC with
strength higher than 120 MPa and density <2000 kg/m3. Although
our recent study [37] investigated the ultra high-performance
lightweight paste, the lack of aggregates and the presence of high
amount of binder in the mixture would be likely to induce high
shrinkage. Hence, in this study, a micro-sized lightweight poz-
zolanic material (i.e. hollow glass microsphere) and an expanded
shale-based fine LWA were innovatively combined for reducing
the weight and ensuring the good performance of L-UHPC (includ-
ing low shrinkage). Moreover, mathematical and statistical
approach was adopted to optimize the contents of these two light-
weight materials in the production of L-UHPC. Previously, many
investigations have primarily focused on developing mix design
methods for conventional cement concrete [38–40], UHPC
[2,41,42] and LWC [43–45]. However, there are no feasible mix
design methods for producing L-UHPC.

This study, at the first time, attempted to develop L-UHPC with
lightweight materials using Central Composite Design (CCD)
methodology, which is one of the most important design methods
used in optimization experiments [46]. The CCDmethod is also one
of the powerful mathematical and statistical method of prediction
in mixture optimization of concrete. The advantage of this experi-
mental design approach is able to evaluate the influence of the
independent variables on the responses with a minimal number
of concrete experiments [47,48], which is important for reducing
labor and material consumptions. Moreover, the optimization of
concrete mixtures can utilize the materials’ full potential to
achieve satisfactory performance or a longer service life. Therefore,
the CCD method has been successfully used to design mortar or
concrete for multi-objective optimization [49–51]. For example,
Bankir and Sevim [49] used the CCD method to optimize the
dependent variables and maximize the mechanical properties of
fiber-reinforced concrete. Hassan et al. [50] obtained an optimum
high strength concrete blended with a supplementary cementi-
tious material. Nunes et al. [51] made a mixture design of self-
compacting mortar using CCD method to maximize durability
and minimize cost. Recently, several investigations have applied
the CCD method in the design of UHPC [18,52–54], however, it
remains unknown whether the CCD method is feasible to design
an L-UHPC. Hence, it would be of interest to prepare L-UHPC using
CCD technique and explore the optimum combination of light-
weight binder and aggregates to obtain desirable properties of L-
UHPC. In this study, the physical, functional and durability proper-
ties of the produced L-UHPC were also evaluated and compared to
a normal-weight UHPC with equal strength and a high-strength
cement mortar. The effectiveness of the design method and the
roles of lightweight media were discussed by means of X-ray CT,
element distribution mapping and micro-indentation techniques.
2. Materials and methods

2.1. Materials

A type of CEM I 52.5 Portland cement (Hong Kong Green Island
Cement) was adopted as the main binding material. Silica fume
(SF) sourced from Mainland China was used to prepare a high-
quality paste. Also, the HGM (hollow glass microsphere) and
LWA (expanded shale grains) were obtained from manufacturers



Fig. 1. Particle size distributions of cement, SF and HGM.
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from Mainland China and they were incorporated in the mixture
for reducing the weight of the concrete. The HGM was employed
as a pozzolanic material and the LWA acted as fine aggregates in
the mixture. The size of LWA was ranged from 0.3–1.18 mm. The
selection of the specified shale LWA was due to its higher strength
and reactivity compared to other LWAs, such as expanded clay
LWA [55]. The 24-hour water absorption of LWA was 5.8%. This
value was low due to the smaller particles of LWA and the presence
of small pores in the LWA matrices (Fig. 3). The dry loose bulk den-
sity of LWA and the apparent density of pre-soaked LWA were
650.7 and 1587 kg/m3, respectively. River sand (RS, 0.3–
1.18 mm) after washing by tap water was also used as a compar-
ison (loose bulk density: 1675 kg/m3). Both of LWA and RS consti-
tuted 55 wt% of 0.3–0.6 mm size aggregate and 45 wt% of 0.6–
1.18 mm size aggregate. Copper coated straight steel fibers, which
had a density of 7.8 kg/m3, diameter of 0.22 mm and length of
13 mm, were incorporated into the concrete mixes to ensure a high
flexural strength. A polycarboxylic ether superplasticizer (SP) from
BASF was used for preparing a low water-to-binder (w/b) ratio bin-
der mixture.

The chemical compositions of the materials used were deter-
mined by an X-ray fluorescence spectrometer (Rigaku Super-
mini200) and the results are listed in Table 1. It should be
noted that the HGM was a soda-lime-silica glass material, rich
in SiO2, CaO and Na2O. A laser diffraction particle size analyzer
(Malvern Mastersizer 3000E) was employed to determine the par-
ticle size distributions of the cement and HGM. Due to the extre-
mely fine particles of the SF, its particle size was measured by a
Zetasizer (Malvern, Nano-ZS90). The results are presented in
Fig. 1, showing that the SF and HGM had narrow particle size dis-
tributions and the cement particles filled the size gap between
the SF and the HGM.

2.2. Characteristics of HGM and LWA

The crystallinity of HGM and LWA were measured by X-ray
diffraction (XRD) analysis (Fig. 2a).

As shown, the shale LWA contained some crystalline phases,
including quartz and hercynite (FeAl2O4, PDF#34-0192). Each con-
tent of these crystalline phases in the LWA could be analyzed by
quantitative XRD. 20 wt% of the powdered LWA were replaced
by corundum as an internal standard. Topas 4.2 software was per-
formed to analyze the XRD data by Rietveld refinement method.
Hence, the LWA was consisted of quartz (17%), hercynite (3.4%)
and amorphous phase (79.6%). Based on the chemical composition
Table 1
Chemical compositions and physical properties of materials (wt%).

Compositions Cement SF

SiO2 19.0 79.4
Al2O3 5.68 0.91
CaO 65.8 11.1
MgO 0.97 4.27
K2O 0.66 2.94
P2O5 0.16 0.13
Fe2O3 3.12 0.43
Na2O / /
SO3 4.03 0.58
Physical properties
Specific gravity 3.15 2.08
Average particle size (lm) 22.7 0.97

Note: * means the powdered form of sample (true density).
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of LWA, the major minerals in the amorphous phase were rich in
SiO2 and Al2O3. By contrast, the HGM did not exhibit any crys-
talline peaks in the diffraction pattern, which indicates a com-
pletely vitreous structure. Fig. 2b shows the pozzolanic
reactivities of HGM and LWA determined by the Chapelle test
[56]. The results indicate that 1 g of HGM was able to consume
more than 1 g of Ca(OH)2 (1.453 g). The high Ca(OH)2 consumption
is an indication of high pozzolanic reactivity in the alkaline cemen-
titious system. Hence, it is envisaged that the HGM with vitreous
structure would exert a high pozzolanic reaction in the cementi-
tious matrix. This result is consistent with a recent study [57].
Compared with the HGM, per gram of LWA could react with a
much smaller amount of Ca(OH)2 (605 mg). Even so, this value of
Ca(OH)2 consumption was higher than some supplementary
cementitious materials, such as fly ash and glass powder [56]. This
also implies that the surface of LWA would involve in pozzolanic
reaction with the alkaline hydrates.

The morphologies of HGM and LWA were observed by scanning
electron microscopy (SEM, Tescan VEGA3). The SEM images shown
in Fig. 3 demonstrate that the HGM consisted of spherical particles
with a smooth surface. Most of the intact particles were within the
size range of 10–100 lm. As the HGM had a very low density
(420 kg/m3), its structure should be hollow. The smooth texture,
HGM LWA RS

80.5 62.4 94.4
0.86 20.4 2.18
8.36 0.68 1.06
0.14 2.75 0.32
0.08 4.5 0.97
0.09 0.21 0.09
0.06 6.79 0.54
9.71 1.03 /
0.19 0.08 0.04

0.42 2.35* 2.41*
36.3 / /



Fig. 2. (a) XRD patterns and (b) Pozzolanic reactivity of HGM and LWA.
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Fig. 3. Morphologies of HGM (a and b) and LWA (c and d).
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vitrified structure and spherical shape of HGM would enable non-
absorbent and lubricating effects for cement-based matrices. As
the vitrified HGM was micro-sized (average size: 36.3 lm) and
unbroken, it had high gas isostatic compression strength
(20.7 MPa). Fig. 3c and 3d also present the appearance of LWA.
Many cavities were observed on the surface of LWA because of
4

the crushing process during production. Furthermore, some
through voids were found in individual particles of LWA. A closer
examination shows open pores with different sizes embedded in
the matrix of LWA. These pores would be able to absorb water.
Also, the rough surface of LWA would increase the contact area
with the cement paste.
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2.3. Mix design

2.3.1. Design concept
This study aimed to develop an L-UHPC with a view to achiev-

ing high strength (>120 MPa) and light weight (<2000 kg/m3).
Firstly, a very strong mortar system should be designed for the
preparation of L-UHPC to attain high strength. It is known that
the UHPC composite possesses excellent mechanical properties
and durability due to its dense structure. Thus, the UHPC matrix
was used in this study as the main body of L-UHPC. However, for
the UHPC system, a large amount of cement remains unhydrated
because of the extremely low water content in the mixture [58].
This provides an opportunity to replace a part of the high-
density cement by a lightweight pozzolanic material. Furthermore,
fine sand is commonly used as a filler in the UHPC. The presence of
sand with a high density contributes to the high weight of UHPC
matrix. Therefore, a lightweight fine aggregate was further intro-
duced as a replacement of sand. The water absorption of the
LWA used in this study was lower than conventional LWAs. This
is because the particle size of LWA was small and the LWA was
embedded with small pores, while the large pores were eliminated
by the crushing process (as shown in Fig. 3). Although the water
absorption of the LWAwas low, the benefit of internal curing effect
would still be expected. A recent study [59] reported that the
incorporation of porous aggregates with a 24-h water absorption
of 5.4% was able to provide very good internal curing and reduce
autogenous shrinkage of UHPC significantly. Finally, within the ref-
erence UHPC system (Table 2), a lightweight pozzolanic material
(i.e. HGM) and a lightweight fine aggregate (expanded shale
grains) were jointly used to reduce the weight of the paste and
aggregates, respectively, for the production of L-UHPC.

2.3.2. Mathematical modeling
To optimize the design of the concrete mixture, a mathematical

and statistical technique was adopted, namely Central Composite
Design (CCD). The aim of the CCD method was to establish func-
tional interactions between the variables and responses via design
of experiments, and then optimize the variables by statistical anal-
ysis for predicting desirable responses [46]. This method is gener-
ally adopted when there are several input parameters (variables)
affecting the output (responses). The benefit of selecting CCD
method in this study was able to evaluate the influence of the inde-
pendent variables on the responses with minimum trial mixtures.
As mentioned, OPC, HGM and LWA would be the most influential
materials in determining the weight of concrete. Thus, the
amounts of the main cementitious material (i.e. OPC) and two
Table 2
Proportion of reference UHPC (kg/m3).

Mix OPC SF Water SP

UHPC1 907 246 180 34

Note: The water content of SP was 80%. The dosage of steel fiber accounted for 1.5% volu
(90 �C) for 2 days.

Table 3
Variables and responses in CCD.

Variables Constraint condition

Coded Materials Minimum (�1)

A OPC 0.4
B HGM 0.2
C LWA 0.3
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lightweight materials (i.e. HGM and LWA) were adjusted and opti-
mized for the preparation of L-UHPC. These three-level factors
(amounts of OPC, HGM and LWA) were set as variables. The con-
straint conditions of variables are listed in Table 3. Commonly,
the maximum replacement ratio of cement by pozzolanic materials
is not higher than 60% by volume [60,61], thus the OPC variable
was set from 0.4 to 1.0, the corresponding maximum value of
HGM variable was taken as 0.6. Since the RS can be 100% replaced
by the LWA, the upper limit of LWA variable could reach 1.0. The
lower conditions of variables of HGM and LWA were determined
to ensure the reduction in sample density. The density and com-
pressive strength were the responses. The experimental points
and response results are shown in Fig. 4 based on rotatable design,
which means that the responses resulted from factorial and axial
points would have the same variance. The variables were standard-
ized and coded, the values were in the range of �1.0 to 1.0. For
example, 0.2 of B means 20% of OPC are replaced by HGM in vol-
ume, 1.0 of C stands for the full replacement of RS by the same vol-
ume of LWA based on the proportion of Table 2. The CCD method
can efficiently reduce the number of trial mixtures when quantita-
tive factors (3 in this study) are introduced in experiment design
[47]. Therefore, based on the CCD model for three experimental
factors (Fig. 4), the total number of experiments was determined

according to the equation: N ¼ 2k þ 2kþm, where k is the number
of the independent variables, 2 k represents the factorial points, 2 k
stands for the axial points and m is the number of the experiments
in the central points (k = 3 and m = 3 in this study). Therefore, 17
experiments were realized to create the optimum values of and
achieve the desirable properties of responses. The proportions of
17 mixtures (8 factorial points, 6 axial points and 3 replicates of
central points) were designed based on the CCD by using the
Design Expert 8.0 software (Table 4). Except the above three vari-
ables, other parameters in the mix proportions (e.g. w/b, SF con-
tent) were kept at the same values as those in the reference
UHPC (Table 2). After curing under the conditions described in Sec-
tion 2.2.3, the varying density and compressive strength were
attained as responses. Based on the experimental points and the
responses, the data can be fitted by a quadratic model as follows:

Y ¼ b0 þ
X

bixi þ
X

biixi
2 þ

X
biixixj ð1Þ

where b0, bi, bii and bij are the coefficients intercept of the equation;
x is variable; y is predicted response. The applicability and reliabil-
ity of the developed response surface quadratic model was evalu-
ated by analysis of variance (ANOVA), including some model
parameters, such as model p-value (probability value) and coeffi-
Fiber RS w/b Compressive strength (MPa)

117 1153 0.18 186.4

me of mixture. The compressive strength of UHPC was obtained after steam curing

Responses (y)

Mean (0) Maximum (+1)

0.7 1.0 Density, Strength
0.4 0.6
0.65 1.0



x3

x2

x1

Factorial points
Axial points
Central point

Fig. 4. Distribution of factorial, axial and central points in CCD (rotatable design).
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cient of determination. Furthermore, the influence of each variable
(in-put parameters) on the responses (out-put parameters) were
analyzed by ANOVA. Afterward, numerical optimization of an L-
UHPC mixture was performed under the criteria of adequate den-
sity and maximum strength. Lastly, the optimized proportion was
verified by experiment to make sure the accuracy of the theoretical
prediction.
2.3.3. Mix preparation
For preparing the samples, all the dry cementitious materials

(OPC, SF, HGM) were pre-mixed in a laboratory mixer for 3 min.
Then, the pre-wetted LWA (immersion in the water including mix-
ing water and absorbed water by LWA for 24 h according to Ref.
[62]) was placed into the mixer with SP together. Thereafter, the
materials were blended for 3 min at a slow speed (122 rpm) and
8 min at a high speed (430 rpm). Lastly, the steel fiber was added
and mixed for another 2 min at a slow speed to obtain a homoge-
nous slurry. The fresh mixtures were cast into steel moulds and
then transferred to a vibrating table for compaction for 30 s. The
surfaces of moulds were covered by plastic sheets to maintain
the moisture of mixtures. After hardening for 24 h in the laboratory
environment (23 ± 2 �C and 50% relative humidity), the specimens
were demoulded and placed into a 90 �C steam chamber for 48 h as
recommended [63].
2.4. Methods

2.4.1. Surface-dry density and mechanical properties
Prism samples with a size of 40 � 40 � 160 mm3 were cast for

determining the density and mechanical properties. After steam
Table 4
Experimental points and responses.

Mix OPC HGM LW

1 0.70 0.06 0.
2 1.00 0.20 1.
3 0.70 0.40 1.
4 0.40 0.20 1.
5 0.70 0.40 0.
6 0.70 0.40 0.
7 0.70 0.74 0.
8 1.00 0.60 0.
9 0.20 0.40 0.
10 1.00 0.20 0.
11 0.40 0.60 1.
12 0.70 0.40 0.
13 0.40 0.60 0.
14 1.20 0.40 0.
15 0.70 0.40 0.
16 0.40 0.20 0.
17 1.00 0.60 1.

Note: Table 4 only shows the coded variables as other parameters in the mix proportio
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curing for 48 h, the samples were cooled down to ambient temper-
ature. The surface-dry density of the samples was measured by
weighting their mass in air and testing their volume in water as
specified in BS EN 12390-7:2019 [64]. The mechanical properties
of the samples including compressive and flexural strengths
(centre-point loading) were carried out according to BS EN 1015-
11:2019 [65]. The loading rates for the compressive and flexural
strengths were 0.5 mm/min and 0.6 MPa/s, respectively. Three
samples were measured to obtain an average value.
2.4.2. Thermal conductivity and acoustic properties
The thermal conductivity of the samples was measured by a

transient plane heat source (hot disc) method complying with BS
EN ISO 22007-2 [66]. A thermal conductivity meter (Hot Disk
M1) equipped with a Kapton sensor 8563 (radius 9.9 mm) was
employed for testing. The testing range was from 0.03 to 40 W/
(mK). Surface-dry specimens with a size of 40 � 40 � 40 mm3 were
used for measurement. For each mixture, 15 values were tested to
calculate an average result.

The acoustic properties of samples were tested by an impe-
dance tube (Brüel & Kjær, Denmark). Sound absorption and sound
transmission loss (TL) of the samples were measured according to
ASTM E1050 [67] and ASTM E2611 [68], respectively. Circular
specimens with a dimension of 98 mm diameter and 20 mm thick-
ness were prepared for testing. Before measurement, the speci-
mens were dried in an oven chamber at 40 �C for 3 days to
remove surface moisture. Blu-tack was used to seal the gaps
between the specimens and the tube wall to avoid noise leakage.
Sound absorption coefficient and TL were acquired and processed
at frequency range of 200–1600 Hz in a computer. Three specimens
were tested for obtaining an average result.
2.4.3. Ion permeability and water sorptivity
The resistance to chloride-ion penetration was determined to

understand the ion permeability of samples in accordance with
ASTM C1202 [69]. After curing, the cylinder samples without fibers
were cut into slices of U100 mm � 50 mm for testing. Then, the
slice specimens were sandwiched in cells with 3% NaCl solution
and 0.3 M NaOH solution in two sides. A voltage of 60 V was
exerted on the cells to accelerate the electrical conductance. The
values of cumulative charge passed over 6 h were recorded. Qual-
itative indications of the chloride ion penetrability were described
in the above ASTM standard. Although the electrically accelerated
test has limitations, it is still one of the most effective ion perme-
ability tests, even for UHPC [5]. In order to confirm the accuracy of
A Density (kg/m3) Strength (MPa)

65 1972 94.8
00 1931 86.1
24 1828 82.8
00 1805 47.6
06 1907 96.6
65 1963 111.0
65 1893 115.5
30 1902 97.9
65 1744 64.1
30 2135 127.8
00 1764 92.2
65 1923 111.5
30 1712 93.5
65 1981 108.1
65 1964 116.8
30 1973 108.0
00 1937 115.2

ns were kept at the same values with those in the reference UHPC (Table 2).



Table 5
ANOVA results of model parameters.

Responses Model F-Value Lack of Fit Model p-value R2 Adjusted
R2

Predicted
R2

Adequate Precision

Density 28.66 1.89 <0.0001 0.95 0.91 0.84 18.4
Strength 16.87 6.85 0.0001 0.91 0.86 0.70 14.0
Implication Significant model Insignificant Significant model terms Good fitting Reasonable agreement Adequate signal
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the permeability tested by rapid electricity conductive, the rate of
absorption (sorptivity) of water was further tested to understand
the susceptibility of samples to water penetration. The test method
was conducted according to ASTM C1585 [70]. The specimens used
for this measurement were the same with the acoustic properties
test. Only one surface of the specimen was exposed to water. The
increased mass of specimens resulting from water absorption
was recorded as a function of time. Due to the low water absorp-
tion of specimens, the measurement was performed up to 110 days
at room temperature (23 ± 2 �C).

2.4.4. Autogenous and drying shrinkages
The autogenous shrinkage of the samples was monitored by

flexible corrugated tubes according to ASTM C1698 [71]. The fresh
mixtures were filled and sealed in the polyethylene tubes to pre-
vent moisture loss. To remove entrapped air, the corrugated
moulds were vertically cast under vibration conditions. The mea-
surement of autogenous strain was recorded after setting up to
72 h at room temperature (23 ± 2 �C). The changes in length were
recorded at every minute interval by a data logger.

The drying shrinkage of hardened samples after curing was
measured in conformance with the requirements of ASTM C596
[72]. The fresh mixtures were cast into prism moulds with a
dimension of 25 � 25 � 285 mm3. After 24 h, the specimens were
removed from the moulds and transferred into a steam chamber
for 48 h at 90 �C (same curing conditions with other tests). It
should be noted that the testing of drying shrinkage after curing
aimed to evaluate the long-term shrinkage of almost completely
hydrated samples under drying condition except the early-age
autogenous shrinkage. The initial length measurement was taken
after cooling down of the specimen to ambient temperature. Then,
the specimens were placed in a drying chamber at 25 �C and 50%
humidity. The length changes of the specimens after specified time
of drying (4, 11, 18, 25, 32 and 46 days of storage) were recorded
according to the above ASTM standard. The mean drying shrinkage
values of the specimens were calculated based on the results of
three specimens.

2.4.5. Microstructure tests
The pore structure of samples was evaluated by mercury intru-

sion porosimetry (MIP). The device (Micromeritics AutoPore IV
9500 Series) was working at a maximum mercury intruding pres-
sure of 207 MPa into the pores. The smallest pore size of 7 nm
could be detected. To prepare specimens for MIP test, the samples
after curing were cut into thin slices and soaked into ethanol for
one week. Then, the slices were transferred to a vacuum oven at
60 �C to remove the residual ethanol. Afterward, the slice samples
were crushed into small pieces of around 5 mm for testing. For this
test, it is reminded that ink-bottle effect may affect the porosity
since the detected pores were smaller than they actually were [73].

The morphology of fractured sample was observed by SEM (Tes-
can VEGA3). Small fragments of sample were collected after the
strength tests. Before coating with gold, the hydration of the sam-
ple was terminated as described above. For backscattered electron
(BSE), thin slice samples were embedded in an epoxy resin, fol-
lowed by polishing with different grits of papers (320, 600, 1200
7

grits). Then, finer diamond papers (grits 9 lm, 3 lm, 0.05 lm)
were used for further polishing step by step to attain more
smoother surface. After completed, the polished samples were
dried in a 60 �C vacuum oven until testing. Prior to SEM/BSE obser-
vation, the samples were coated by carbon. The SEM/BSE measure-
ments were carried out at 20 kV voltage and a working distance of
10–16 mm. Meanwhile, elemental distributions on the sample sur-
face were determined by an energy dispersive X-ray spectroscopy
(EDX) detector.

The micro-mechanical property of cement paste in the samples
were tested by using a digital Vickers microhardness tester (HVX-
1000A). The sample preparation of microhardness test was the
same with the SEM/BSE. A 25-g force was loaded on the paste
matrix by a diamond indenter for 14 s. Then, the Vickers micro-
hardness (HV) could be calculated based on diagonal length of
indentation and the angle of diamond indenter. As the cementi-
tious material is an inhomogeneous matrix, the microhardness of
different zones would vary significantly, more than 100 indenta-
tion points were tested for each mixture to acquire a statistical dis-
tribution analysis.

To understand the homogeneity of constituents in the L-UHPC,
a high-resolution X-ray computed tomography (CT, YXLON FF35)
was adopted to reveal the distributions of steel fibers and LWA
in the matrix. Cubic sample with a dimension of
40 � 40 � 40 mm3 was used for the measurement. The X-ray tube
was run at a voltage of 200 kV and a current of 65 lA. During a
360� rotation of scanning, 1800 projections of two-dimensional
(2D) images were integrated. Then, the three-dimensional (3D)
volumetric structures were created via real-time reconstruction
software (CERA). Finally, VGStudio MAX was used to observe and
analyze the 2D and 3D images.
3. Experimental results

3.1. Mix design by CCD

3.1.1. Accuracy of model
As mentioned, the experimental results of density and compres-

sive strength in Table 4 were analyzed by the response surface
quadratic model. To verify the applicability and reliability of the
developed model, analysis of variance (ANOVA) was performed.
The ANOVA was also intended to understand the significance of
the variables and the reliability of the fitted results. The variance
was calculated by the variation between the experimental (actual)
and predicted responses. Some parameters of ANOVA could be
obtained as shown in Table 5.

A model p-value of <0.05 (low probability) indicates that the
model terms are significant, and vice versa. Hence, the significant
model terms were retained and the insignificant model terms were
excluded. After simplifying the model, empirical relationships
between the responses (density and strength) and the variables
were expressed by Eqs. (2) and (3). It can be noted that the coeffi-
cient of determination (R2) of density and strength was higher than
0.9, which denotes the good fitting between the model and the
actual data. The good relations between the predicted value and
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the actual value are presented in Fig. 5. The Model F-values of den-
sity and strength in this case imply that the models were signifi-
cant. There was only a 0.01% chance (Model p-value) that a
Model F-Value of this level could occur because of noise. The low
Lack of Fit F-values of 1.89 and 6.85 suggest that the selected mod-
els had insignificant lack-of-fit (insignificant relative to the pure
error). Thus, the non-significant lack of fit reveals that the models
were good to fit. In addition, the Predicted R2 was in reasonable
agreement with the Adjusted R2 for both the density and strength,
representing a satisfactory adjustment of the quadratic models to
the experimental data. The Adequate Precision was the signal to
noise ratio. The ratios in this study were greater than 4 (adequate
signal), which indicate that these models could be used to navigate
the design space. Overall, the ANOVA results show a reliable confi-
dence in the prediction of density and strength.

Density = 1944.63 + 76.79A � 48.30B � 30.67C
þ57:38BC�27:43A2�25:67C2:

ð2Þ

Strength = 110.29 + 11.69A + 4.69B � 8.00C
þ14:76BC�8:16A2�6:88C2:

ð3Þ

Note: A is amount of OPC, B is amount of HGM, C is amount of
LWA.

3.1.2. Influences of variables on responses
The perturbations of the density and the strength due to the

variables are shown in Fig. 6. As seen in Fig. 6a, the curvatures of
curves A and B were much steeper than that of curve C in the den-
sity results, indicating that the density was more sensitive to the
OPC and HGM contents. The density decreased considerably with
the decreasing OPC content or the increasing HGM content. The
effectiveness of using LWA was less significant in the reduction
of density than the use of HGM because the pre-soaked LWA had
a much higher density than the HGM (1587 kg/m3 vs. 420 kg/
m3). However, it turned to opposite perturbations in the case of
compressive strength. The varying contents of LWA seemed to
have a larger influence on the strength than the HGM content. If
the LWA content was increased to beyond a certain value, the com-
pressive strength would be reduced considerably. This trend was
contrary to that of the OPC. The use of a lesser amount of OPC
resulted in a lower strength due to the reduced volume of hydrates.
As the LWA containing big pores had a poor strength, too much
LWA would lead to low strength. It is interesting to note that the
compressive strength was gradually increased with the increasing
amount of HGM despite a large quantity of voids was associated
with HGM. The structure of HGM might be responsible for this
behavior (to be discussed later). Overall, from the 3D plot of the
responses shown in Fig. 6c and d, in order to attain light weight
and ultra high strength simultaneously, the amount of HGM should
be controlled at a high volume (60% replacement of OPC in this
study) while the LWA content should not be too high (<100% vol-
ume of RS).

3.1.3. Optimization of L-UHPC mixture and validation
The developed model has been demonstrated to possess high

applicability and reliability based on the results of 17 mixtures
(see Table 4). However, the predicted optimal proportion derived
from the developed model needs to be validated by experimental
results. After an adequate model was obtained, numerical opti-
mization was conducted to create an optimized proportion with
a view to achieving a mixture with an appropriate density and high
strength. According to the numerical optimization, the design
space was going to explore prompt amounts of variables to reach
the pre-set goals for each response. The criteria for optimizing
the mixture are shown in Table 6. The density was set to
8

<2000 kg/m3 and the strength was maximized in the range of
100–150 MPa. As a result, the theoretical optimization of variables
was created in Table 7, and the counter plot of optimized mixture
is shown in Fig. 7. The experimental mixture was conducted and
the actual density and strength are listed in Table 7. The low devi-
ations between the predicted value and the actual values further
indicate that the precision of the developed model was accurate.

As mentioned, the precision of the developed model was accu-
rate as the predicted value of theoretically optimized mixture were
closely similar to the actual value. This indicates that the CCD was
feasible to design concrete mixture. To further verify the optimum
proportion, two randomly-selected proportions were prepared to
compare with the optimized proportion. The experimental results
are shown in Table 8. It is found that the two randommixtures had
lower strength values than the optimum mixture, regardless of the
higher or lower density value of the former, which confirms the
finding of the optimized proportion. The satisfactory performance
(density ＜1950 kg/m3 and strength ＞120 MPa) was obtained for
the L-UHPC, however, other properties of the optimum L-UHPC
mixture are unknown. To this end, the comprehensive properties
of the L-UHPC should be evaluated. The normal weight UHPC and
high-performance cement mortar (HPCM) were also prepared for
comparison. Thereinto, UHPC1 had a higher strength and UHPC2
was designed to have a same grade strength with the L-UHPC,
whereas the HPCM was expected to have a lower strength than
the L-UHPC. The proportions of UHPC2 and HPCM were the same
with that of UHPC1 except the water and SP contents. The mix pro-
portions of these mixtures are listed in Tables 2 and 9.

3.2. Physical, functional and durability properties of developed L-UHPC

3.2.1. Surface-dry density and mechanical properties
Fig. 8 shows the density and mechanical properties of devel-

oped L-UHPC, UHPC and HPCM. For the surface-dry density results,
the L-UHPC had the lowest value of 1929 kg/m3 while the UHPC1
had the heaviest weight of higher than 2400 kg/m3. With the
increase of water content in the mixture, the density values of
UHPC2 and HPCM decreased. As a result, the corresponding com-
pressive and flexural strengths were reduced significantly. The
presence of voids in the HGM and LWA was responsible for the
low density of L-UHPC. However, the mechanical properties of L-
UHPC were comparable or even superior to the UHPC2 with a
higher density. The compressive and flexural strengths of L-UHPC
could reach 123MPa and 16 MPa, respectively, which met the min-
imum strength requirement of UHPC [74]. Furthermore, according
to JGJT 12-2019 standard [75], the upper limit of oven-dry density
of lightweight aggregate concrete should not exceed 1950 kg/m3.
Therefore, the L-UHPC mix could be qualified as an ultra high-
performance lightweight concrete. These results also reveal that
the dual incorporation of lightweight HGM as a pozzolanic mate-
rial and LWA as a fine aggregate was effective in reducing density
and attaining ultra high strength.

One major benefit of using L-UHPC in structural elements is to
reduce the dead load. The structural efficiency (strength/density)
of the developed L-UHPC in this study was 63.6 kN�m/kg, which
was much higher than other high strength lightweight concrete
(20–40 kN�m/kg) reported in previous studies [29,32,36,76]. Also,
at the same grade strength, the L-UHPC had higher structural effi-
ciency than the corresponding UHPC2 (54.8 kN�m/kg). The higher
structural efficiency represents a higher material efficiency of con-
crete, which implies a lower cost of foundation, a saving of steel
reinforcement and a longer possible span of structure [77].

3.2.2. Thermal conductivity and acoustic properties
The thermal conductivities of L-UHPC, UHPC and HPCM are pre-

sented in Fig. 9. When the strength was decreased from UHPC1 to



Fig. 5. Relation between predicted value and actual value, (a) Density and (b) Strength.

Fig. 6. Influences of variation on the density (a, c) and compressive strength (b, d) of samples (c and d are 3D plot of responses, OPC = 0.70).
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HPCM, the thermal conductivity was also reduced. This reduction
was related to the lower volume of quartz sand due to the increas-
ing volume of water in the mixture. The large amount of quartz
sand with a very high thermal conductivity (18.4 W/mK [78]) con-
tributed to a higher thermal conductivity of UHPC (>2.0 W/mK).
The results are consistent with the findings of previous studies
9

[79,80]. On the contrary, the water has a much lower thermal con-
ductivity (around 0.6 W/mK [81]), thus the HPCM prepared with
higher w/b ratio exhibited a lower thermal conductivity than the
UHPC. For the L-UHPC, its thermal conductivity was 1.0 W/mK,
which was less than half in comparison with those of UHPC. One
reason is the elimination of quartz sand in the mix. The other



Table 6
Criteria for optimization of L-UHPC mixture.

Variables and response Lower limit Upper limit Goals

OPC 0.4 1.0 In range
HGM 0.2 0.6 In range
LWA 0.3 1.0 In range
Density 1700 2000 In range
Strength 100 150 Maximize
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explanation is that the presence of voids in the HGM and LWA
impeded the conduction of heat in the matrix. Fig. 9b shows the
thermal conductivity linearly decreased with the decrease of
density.

The acoustic properties of the samples, including sound absorp-
tion and transmission loss, are shown in Fig. 10. The absorption
coefficient denotes the ratio of the absorbed energy to the total
incident energy. Obviously, the UHPC and HPCM had similar low
absorption coefficients, which can be attributed to their dense
structure. In contrast, the L-UHPC exhibited the most effective
absorption coefficient in the frequency range of 200–1600 Hz. Par-
ticularly at frequencies of 500–1000 Hz and 1300–1600 Hz, the L-
UHPC showed high intensities of sound absorption. This behavior
might be due to the small acoustical cavities were generated on
the truncation surface when the two lightweight materials (i.e.
HGM and LWA) were incorporated into the mixture. The micro-
voids of HGM in combination with the inter-particle pores in
LWA were beneficial to consuming sound energy. The improved
acoustic absorption achieved was similar to the findings for other
Table 7
Optimization of variables, theoretical and experimental responses.

OPC HGM LWA Density (kg/m3)

Predicted Actual

0.92 0.6 0.82 1944 1929

Fig. 7. Counter plot of optimization o
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lightweight concrete prepared with porous materials (e.g. bottom
ash and cenosphere) [82,83].

Fig. 10b shows the sound transmission loss values of the sam-
ples. The L-UHPC incorporated with HGM and LWA had a similar
ability to insulate sound as compared to the UHPC and HPCM.
The sound transmission losses of all the samples were larger than
35 dB. The UHPC and HPCM had a high density with a strong resis-
tance to sound penetration. Although a lot of voids were present in
the L-UHPC, they did not impact the sound insulation property sig-
nificantly. This is because the HGM and the LWA were dispersed
uniformly in the matrix, and few connective channels were formed
to facilitate the sound transmission. Furthermore, the denser UHPC
paste in the L-UHPC could hinder sound propagation.
3.2.3. Ion permeability and water sorptivity
The chloride ion permeability and the water sorptivity of the

samples are shown in Fig. 11. Fig. 11a shows although HPCM
exhibited the highest total passed charge among the four mixtures,
the value was still in the range of ‘‘very low ion penetrability”
(<1000 C). Much lower charge passed through the other UHPCmix-
tures, and according to ASTM C1202 [69] these values of charge
passed indicated the negligible chloride ion penetrability. The lack
of pore solution in the UHPC owing to its very low w/b ratio
impeded the electric conductivity in the matrix. The highly dense
matrix and the lack of water in the UHPC contributed to the high
resistance to ion penetration. The very low porosities of UHPC sup-
ported these results (to be discussed in Section 3.3.1). Encourag-
ingly, the L-UHPC had a comparable value of passed charge to
the UHPC1. This means that the L-UHPC possessed a similar resis-
Strength (MPa)

Deviation Predicted Actual Deviation

0.79% 121 123 1.62%

f L-UHPC mixture (OPC = 0.92).



Table 8
Experimental results of two randomly-selected proportions.

OPC HGM LWA Density (kg/m3) Strength (MPa)

0.77 0.34 0.40 1982 114.0
0.84 0.60 0.85 1863 104.0

Fig. 8. Surface-dry density and mechanical properties of samples.
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tance to the penetration of aggressive ions as compared to the
UHPC1 with higher density. It is interesting to note that the L-
UHPC seemed to have a slightly lower ion permeability than the
UHPC2 with the same grade strength. This indicates that the good
quality paste used in the L-UHPC played a positive role in the resis-
tance of ion penetrability.

The water sorptivity was measured to determine the suscepti-
bility of samples to the penetration of water, which is also an
important index of the durability of concrete [84,85]. Fig. 11b
shows the water sorptivity of the samples as a function of the

square root of exposure time (
ffiffiffiffiffiffiffiffi
day

p
). The progress of water sorp-

tivity included two stages: initial water absorption rate (<12 h)
and secondary water absorption rate (>24 h). In the initial stage,
the water absorption rate of HPCM increased rapidly and the
Fig. 9. Thermal conductivity of samples, (a) Thermal conductivity;
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amount of water absorbed was much larger than the other sam-
ples. For UHPC samples, the UHPC2 had a higher water uptake than
UHPC1. Within the first 12 h, the water absorption rate of L-UHPC
was similar to that of UHPC1 but lower than that of UHPC2. During
the second stage, the trends was similar to those in the initial per-
iod. The HPCM absorbed the largest amount of water and the
UHPC1 absorbed the least. In particular, it is noted that the water
absorption value of the L-UHPC prepared with HGM and LWA were
lower than that of UHPC2 having a similar strength. As all the
water absorption rates of samples correlated linearly with the
square root of exposed time, the secondary rate of absorption
can be calculated based on the least-square linear regression
method (R2 > 0.97). The obtained rates of water absorption are
listed in Table 10.

As shown in Table 10, the rates of water sorptivity in the sec-
ondary stage were lower than those in the first stage. That is
because the initial absorption was mainly controlled by the capil-
lary suction of the larger pores on the surface, and the secondary
sorptivity was primarily dominated by the tortuosity and intercon-
nectivity of the smaller pores [86]. Irrespective of the age, the mix-
tures prepared with a higher w/b ratio showed a higher water
sorption than those prepared with a lower w/b ratio. In the sec-
ondary stage, the HPCM/UHPC2 samples absorbed nearly two–
three times as much water as the UHPC1 sample. The lower
absorption of the lower w/b ratio mixture was also found in the
study of Martys and Ferraris [87]. The low w/b ratio mixture could
lead to reductions of pore size and interconnectivity of the larger
capillary pores, which was thought to restrict the water diffusion
and sorption. The refined pore characteristics of samples at a low
w/b ratio will be supported by MIP results in Section 3.3.1. For
the L-UHPC mixture, its sorptivity coefficients were slightly higher
than the UHPC1, but the L-UHPC mixture absorbed less water than
the UHPC2 and HPCM mixtures.

The L-UHPC sample seemed to perform differently from con-
ventional lightweight concrete, which is vulnerable to infiltration
(b) relation between the density and the thermal conductivity.



Table 9
Mix proportions of optimized L-UHPC, normal-weight UHPC and HPCM (kg/m3).

Mix OPC HGM SF Water SP Fiber LWA RS Flow (mm)

L-UHPC 758 66 246 165 34 117 509 / 210
UHPC2 907 / 246 280 10 117 / 1153 207
HPCM 907 / 246 458 4 117 / 1153 216

Note: The LWA containing water was pre-soaked for 24 h.
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of deleterious ions and water. Although the L-UHPC contained a
large quantity of voids induced by HGM and LWA, it still exhibited
good resistance to chloride penetration and water absorption. The
voids in the L-UHPC did not facilitate the penetration of ions and
water. Several factors might account for the good performance:
(i) the HGM and LWA were tightly packed by UHPC paste, which
had a strong ability to resist the ingress of the deleterious sub-
stances due to its low porosity; (ii) the voids in the HGM and
LWA were dispersed uniformly and isolated individually in the
dense matrix, and thus they did not favor ions/water ingress via
creating an interconnected pathway; (iii) the pozzolanic reactivi-
ties of the HGM and LWA contributed to the chemical reaction
between them and the paste (as mentioned in Section 2.2), which
was conducive to forming barriers against ions/water penetration
through the HGM and LWA.
3.2.4. Autogenous and drying shrinkages
The volume changes of L-UHPC, UHPC and HPCM including

autogenous and drying shrinkages are plotted in Fig. 12. Obviously,
most of the autogenous shrinkage occurred within 24 h and the
value decreased with increasing w/b ratio from UHPC1 to HPCM.
These phenomena were also observed by Zhang et al. [88] in con-
crete at low w/b ratios. The UHPC mixtures exhibited very high
autogenous shrinkage because of the very low water content, a
large volume of fine powders, and the lack of coarse aggregates
[16,89]. Autogenous shrinkage is the result of water withdrawal
from the capillary pores due to the hydration reactions of the
unhydrated cement [90], and thus capillary pressure is the driving
force to generate self-desiccation (autogenous shrinkage). With the
increase of water content in the mixture, the capillary pressure
was reduced since the radius of meniscus in the capillary water
was increased [91]. This effect was thought to be dominant for
cement mixtures at early ages because early hydration was inten-
sive and the tensile strength and tensile strain capacity of the
matrix were relatively low.

As shown in Fig. 12a, very low autogenous shrinkage is
observed for the L-UHPC in comparison with UHPC mixtures. This
is explained by water absorbed by the LWA contributed to the
internal curing of cement hydration, which mitigated the self-
desiccation of the UHPC paste. The water absorption of the LWA
was lower compared to that of conventional large-sized LWA, but
the internal curing effect would still be anticipated. Liu and Wei
[59] also incorporated the pre-wetted porous aggregates (a similar
24-h water absorption to the LWA in this study) into UHPC and
found the high-efficient internal curing and significant reduction
in the autogenous shrinkage. The stored water in the LWA was
gradually released into the system to increase the internal mois-
ture so as to reduce the capillary stress and autogenous shrinkage
[92]. The incorporation of pre-saturated LWA has been reported to
be capable of reducing the autogenous shrinkage of normal cement
concrete and UHPC in other studies [93–95]. It is interesting to
note that transitory expansions were observed before 24 h in the
L-UHPC and UHPC mixtures. In the low w/b cement mixtures, the
system was consolidated rapidly by calcium silicate hydrate (C-S-
H) and other hydrates to form a dense packing matrix, and the very
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high ionic concentration and rapid supersaturation took place in
the liquid–solid system to initiate a faster precipitation of hydra-
tion products. Therefore, at the very early age, the formation of
large-sized portlandite and ettringite crystals might contribute to
the expansive deformations due to the low stiffness of the matrix.
This interpretation is in agreement with the work of Baroghel-
Bouny et al. [96]. Furthermore, the slow release of the absorbed
water in the LWA could promote the formation of additional C-S-
H, which locally increased the solid volume surrounding the aggre-
gates. The expansion phenomena were also found in other UHPC
systems [20,97]. Nevertheless, the mechanisms of the swelling
behavior in the UHPC should be further elucidated.

At the later age, when water moved out from the samples in a
low humidity condition, volumetric contractions took place.
Fig. 12b presents low drying shrinkage values of L-UHPC and
UHPC1, and the value increased with a higher w/b ratio. These
results are contrary to those of the autogenous shrinkage. The rea-
son is that: during drying shrinkage measurements which occurred
at a later age, the hydrating matrix had already developed a certain
rigidity, and therefore the volume change of the samples was
mainly due to the water loss in the drying environment rather than
contraction induced by hydration (internal drying). The lower dry-
ing shrinkage values of L-UHPC and UHPC1 were due to: (i) the
rigid skeleton of hardened matrix with an ultra high strength
was able to restrain the deformation due to moisture evaporation
[90]; (ii) the small amount of water in the matrix did not allow
much water loss. On the contrary, for the mixtures prepared with
a high water content, the volume change was higher. Therefore,
although the HPCM had a low autogenous shrinkage value, the
higher drying deformation occurred after a longer exposure time.
It should be noted that the large quantity of voids in the L-UHPC
did not have a negative effect on drying deflection. This means that
the rigid structure of the paste matrix in such concrete (to be dis-
cussed in Section 3.3.3) could counteract the lower elastic modulus
of the voids and LWA and reduce the drying shrinkage.
3.3. Microstructure analyses

3.3.1. Pore structure
The pore structures of L-UHPC, UHPC and HPCM determined by

MIP are illustrated in Fig. 13. It is clear to observe that the total
porosity of the mixtures was reduced largely with the decrease
of w/b ratio. Only 1.58% of connective pores was detected in
UHPC1, which is in agreement with its highest density and
mechanical properties. The HPCM showed the highest porosity
due to the highest water content in the mixture, thus the density
and the strength were corresponding the lowest among the normal
weight mixtures. This is also the reason for its highest permeability
and water absorption. As the L-UHPC was prepared with a large
amount of HGM and LWA, its porosity (6.68%) was higher than that
of UHPC2 (4.66%). Hence, the L-UHPC had a much lower density
than the UHPC2. However, although the MIP results indicated that
L-UHPC had a denser microstructure than the HPCM (6.68% vs.
13.13%), the density of former was still lower than that of the lat-
ter. This implies that a large quantity of the voids in the L-UHPC



Fig. 10. Acoustic properties of samples, (a) absorption spectra of sound; (b) transmission loss of sound.

Fig. 11. Ion permeability (a) and water sorptivity (b) of samples.

Table 10
Rate of water absorption of L-UHPC, UHPC and HPCM (mm/day1/2).

Mix Rate of water absorption

Initial stage Secondary stage

L-UHPC 4.5 � 10-2 2.4 � 10-2

UHPC1 4.0 � 10-2 2.1 � 10-2

UHPC2 9.9 � 10-2 4.5 � 10-2

HPCM / 6.1 � 10-2

Note: The HPCM in the initial absorption stage showed a systematic curvature
rather than a linear relationship, thus its initial rate of absorption cannot be
determined.
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were enclosed and disconnected, which could not be characterized
by MIP. Despite the higher porosity of L-UHPC, its mechanical
properties were still comparable to those of UHPC2 with a lower
porosity. The possible reason is that the effect of the higher paste
stiffness in the L-UHPC surpassed that of the voids, contributing
to the better overall strength of the matrix (to be discussed in
Section 3.3.3).
13
Fig. 13b shows the pore size distributions of the samples. Obvi-
ously, the HPCM had more large pores and also a large number of
fine pores (<50 lm). The pores detected by MIP were intercon-
nected, and thus the large volumes of voids and capillary pores
contributed to the poorer resistances to ions and water infiltra-
tions. With the decrease ofw/b ratio, the quantity of capillary pores
was reduced, and hence a lower permeability and water penetra-
tion was achieved. For the L-UHPC, it is interesting to note that
the amount of gel pore (<10 nm) was significantly increased as
compared to UHPC mixtures (in insert figure). As the sizes of voids
in the HGM and the LWA were mainly larger than 100 nm, their
influences on the results were neglected. The gel pore is the intrin-
sic porosity of C-S-H gel [73], it is thus deduced that the formation
of C-S-H was increased. There were several contributors for the
increased amount of gel pore: (i) the internal curing of pre-
soaked LWA facilitated further hydration of the unhydrated
cement to form more C-S-H gel; (ii) the pozzolanic reactions of
HGM and LWA contributed to additional C-S-H; (iii) the released
water from LWA enabled the pozzolanic reaction of the remaining
silica fume to densify the matrix. These pozzolanic reactions were



Fig. 12. Shrinkages of samples, (a) autogenous shrinkage and (b) drying shrinkage.

Fig. 13. Pore structure of samples, (a) cumulative intrusion; (b) pore size distribution.
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conducive to strengthening the paste matrix and partly counteract
the weak zones of the lightweight materials (i.e. HGM and LWA).
This explanation is consistent with the ultra high strength and
good durability of L-UHPC.
3.3.2. Morphological observation
Fig. 14 presents the morphologies of UHPC1 and L-UHPC sam-

ples by BSE observations. In Fig. 14a and b, a large number of unre-
acted cement particles were observed around the RS in the UHPC1.
A clear boundary between the paste and the RS aggregates was
observed. By means of EDX analysis, the bright and bigger particles
were unhydrated clinker phases with relatively low reactivities.
The low water content in the UHPC system was responsible for
the cement-superfluous phenomenon. Fig. 14c shows the porous
LWA embedded in the L-UHPC matrix and many unreacted cement
particles could be also seen in the matrix due to the low w/b ratio.
Besides, the incorporation of the hollow HGM brought a number of
cavities into the paste matrix. The presence of these two void-
containing materials was the reason of weight reduction. The
14
LWA and its boundary could be identified by elemental mapping
(Fig. 14e), which also indicates the unreacted clinker phases (yel-
lower Ca-rich particles) surrounding the LWA. It is further found
that the smaller size unhydrated cement particles were located
in the immediate vicinity of the LWA, while the larger size unhy-
drated cement particles were located further from the LWA. This
phenomenon might be the result of the internal curing effect of
the pre-wetted LWA. In addition, it is noted that the bonding
between the paste and the LWA provided an interlock, where the
paste penetrated into the open-pores of LWA surface to intensify
the bonding with the paste matrix [98]. A closer observation of
Fig. 14d (magnified area of Fig. 14c) shows some corroded HGM
particles in the paste matrix. This indicates the interactions
between the shell of HGM and the surrounding alkaline hydration
products. The result of the pozzolanic reactivity of HGM in Fig. 2
supports this observation. However, the interior surface of HGM
seemed to be smooth, which implies the limited reaction of the
exterior surface and the intact shell structure of the HGM. This
observation explains the low porosity recorded for the L-UHPC as
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the voids in the HGM were closed pores and enclosed by shell. On
the other hand, the shell-paste interface would be reinforced by
the additional reaction products (to be discussed in Section 4).

Fig. 14f shows another LWA particle in the L-UHPC. Large pores
could be found in the LWA, which would store water for internal
curing. Several big pores of the LWA were filled with the paste
(aqua enclosure). This partly compensated for the weak strength
of LWA. EDX point analysis was performed in the surrounding or
Unreacted cement 
particles

(a) (b

(c) (d
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Fig. 14. BSE images of UHPC1 and L-UHPC, (a, b) UHPC1; (c, d) L-UHPC; (e) Elemental ma
Tetra-calcium aluminoferrite phase.
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interior areas of LWA, and the elemental composition results are
listed in Table 11. The very low Ca/Si or Ca/(Si + Al) ratios of these
areas (mostly < 1.0) suggest that the pozzolanic reaction of LWA
(rich in Si and Al) was probably involved in the formation of
hydrates around LWA. The internal curing effect of pre-soaked
LWA was expected to facilitate this pozzolanic reaction, which
improved the interfacial transition zone (ITZ) between the LWA
and the cementitious matrix. The formation of additional C-S-H
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could reinforce the LWA and form a barrier against the infiltration
of deleterious substances and the local stress exerting on the LWA.
3.3.3. Microhardness of cement paste
The Vickers microhardness was determined to understand the

stiffness of paste matrix in the samples. The higher the microhard-
ness value, the denser is the microstructure of bulk paste. Based on
more than 100 points for one mixture, the frequency distributions
of microhardness values of cement paste in L-UHPC, UHPC and
HPCM are shown in Fig. 15. It shows that the main peak of the
microhardness profiles shifted from low value to high value from
the HPCM to UHPC1. The microhardness value ranges correspond-
ing to the highest frequency of HPCM, UHPC1 and UHPC2 were 40–
50 HV, 70–80 HV and 90–100 HV, respectively. Therefore, when
the w/b ratio was reduced, the rigidity of the paste matrix was
increased considerably. The lower porosity of the mixture at a
lower w/b ratio resulted in the higher microhardness and the den-
ser microstructure. The higher stiffness of the paste matrix was
also responsible for improving the mechanical properties of the
whole samples [99].

As can be seen in Fig. 15, the microhardness data show a broad
frequency distribution associated with the bulk paste of L-UHPC.
This implies a more heterogeneous microstructure in the L-UHPC
matrix. However, the more frequent occurring microhardness
range was 110–120 HV, which was much higher than those of
UHPC and HPCM mixtures. Besides, the average microhardness
value was 130.1 HV, 98.8 HV, 77.5 HV and 52.5 HV, corresponding
to L-UHPC, UHPC1, UHPC2 and HPCM, respectively. These results
reveal that the bulk paste in the L-UHPC had a denser microstruc-
ture than their counterparts in the UHPC and HPCM mixtures. The
internal curing provided by LWA and the chemical reactions
between the LWA/HGM and the cement paste were believed to
enhance the micromechanical properties of the paste matrix. A
recent study [55] also reported the increased micromechanical
properties at the interfacial zone of LWA, the internal curing and
Table 11
Element compositions of EDX points in Fig. 14f (Atomic %).

Element Pink point Blue point Green poi

O 69.5 63.3 71.4
Al 1.6 2.1 5.8
Si 13.5 19.1 11.0
Ca 13.6 14.2 9.8
Ca/Si 1.01 0.74 0.89
Ca/(Si + Al) 0.90 0.67 0.58
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Al dissolution from LWA were thought to densify the interfacial
matrix. As a consequence, due to the reinforced rigidity of paste
matrix, the L-UHPC exhibited an ultra high strength and excellent
durability properties although it contained a large volume of voids.
4. Discussion

4.1. Effectiveness of CCD in the design of L-UHPC

As discussed above, the CCD model was able to predict the den-
sity and strength of L-UHPC. By means of the CCD model, an opti-
mized L-UHPC with ultra high strength and low density was
successfully produced. More importantly, the excellent perfor-
mance in terms of durability properties indicates the effectiveness
of the CCD in the design of L-UHPC. By using CCD, the optimized
mixture was a result the integration of different factors, including
good compaction of the constituents, physicochemical reactions
between different phases, and homogeneity of mixture etc. One
concern of producing LWC is the high susceptibility of segregation
due to the different densities of the constitutes, which would affect
the mechanical and durability properties of concrete [100]. Hence,
an X-ray CT was employed to examine the distributions of LWA
and fibers in the matrix with a view to validating the homogeneity
of L-UHPC designed by CCD method. The 3D images obtained by X-
ray CT are shown in Fig. 16. From Fig. 16b and c, the steel fibers
were arrayed randomly and uniformly in the matrix, which means
the heavy fibers were not segregated to the bottom of the samples.
The uniform distribution of fibers was attributed to the good
flowability of the optimized mixture, which was further a result
of the integration of multi-ingredients and interaction between
the experimental variables. Hence, the homogenous dispersion of
fibers was attributed both to the good flowability and effective
design.

To observe the possible segregation of LWA in the L-UHPC, 2D
images of the cross-sections (upper, middle and lower) and the
longitudinal-sections (front, middle and back) of the sample were
extracted and presented in Fig. 16(d, e, f) and (g, h, i), respectively.
The fine LWA particles were dispersed evenly on each of the cross-
section. From three longitudinal-sections, the LWA particles were
also observed to locate in the bottom of L-UHPC and the LWA
did not aggregate in the upper parts of the sample due to floata-
tion. Therefore, it is believed that the low density LWA was able
to distribute uniformly in the L-UHPCmatrix. The random distribu-
tion of fibers contributed to the high mechanical properties, espe-
cially in improving the flexural strength. The uniform distribution
of LWA was conducive to lowering the thermal conductivity and
shrinkages owing to the extensive coverage of voids and provision
of internal curing. The CT results indicate that CCD method was
effective in designing a homogenous L-UHPC.

4.2. Roles of HGM and LWA in L-UHPC

The excellent performance of L-UHPC was primarily dependent
on the characteristic of the paste matrix and the roles of the light-
nt Red point Black point Purpure point

69.3 64.5 68.6
7.1 4.7 4.9

11.0 23.1 13.4
10.4 6.6 11.8
0.95 0.29 0.88
0.57 0.24 0.64
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Fig. 16. Distributions of steel fiber and LWA determined by X-ray CT, (a) L-UHPC sample and section profiles; (b) top-front-right view of steel fibers; (c) front view of steel
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weight materials used in this study. The good quality UHPC paste
played a dominant role in governing the durability properties of
L-UHPC. Besides, as the strength of the LWC is sensitive to porosity,
the roles of HGM and LWA were also of great importance in con-
trolling the performance of L-UHPC.

As indicated by the CCD analysis, the compressive strength of
the L-UHPC seemed to increase with the increasing amount of
HGM (Fig. 6). This result means that, within a specific amount of
HGM usage, the amount of HGM had insignificant effect on the
strength of the L-UHPC. Previous studies [101–103] also reported
that the use of HGM below a specified volume could slightly
increase the mechanical properties of the concrete mixtures.
17
Besides being light weight, the high-stiff shell and micro-size of
HGM also were conducive to enhancing the fracture energy of
the L-UHPC when stresses were exerted on the HGM. Moreover,
the non-absorbent characteristic, smooth surface and spherical
shapes of HGM also facilitated the compaction and homogeneity
of the mixture due to its lubricating effect. As reported, the intro-
duction of HGM could reduce entrapped air contents [101] and
improve the workability [104] of concrete mixtures. As shown in
Fig. 17a, most of HGM particles were damaged across the shell of
the HGM sphere rather than through the interface between the
HGM and the matrix. Also, Fig. 17b presents an etched and rough
surface of HGM found in the aged sample which was very different
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from that seen in the unreacted HGM (see Fig. 3). These results
suggest a high interfacial toughness of the HGM-paste owing to
the additional C-S-H formed on the shell of HGM, which impeded
the propagation of cracks across the interface. Similarly, a recent
study [105] found the same failure mode of HGM in a steam cured
oil-well cement. Therefore, the chemical reaction between the
18
HGM and the surrounding alkaline hydrates contributed to the
bonding of HGM and paste, which was able to reinforce the thin
shell and increase the load bearing capacity of HGM.

Since the HGM mainly composed of amorphous silica, the
potential issue arises from the use of HGM is the alkali-silica-
reaction (ASR) concern. However, it is believed that the ASR risk



Jian-Xin Lu, P. Shen, Hafiz Asad Ali et al. Materials & Design 216 (2022) 110553
will not be provoked in the L-UHPC system. The reasons include: (i)
similar to micro-sized glass powder [106], the HGM acted as a poz-
zolanic material rather than aggregate role, thus pozzolanic reac-
tion occurred instead of ASR; (ii) the presence of silica fume in
the mixture would effectively suppress the potential ASR [107];
(iii) the HGM had porous structure, the interior void would accom-
modate the ASR gel if the thermal expansion was triggered; (iv) lit-
tle water content inside the L-UHPC did not provide sufficient
water to evoke the ASR. A recent work [108] also confirmed the
safe use of HGM in cementitious mixture, the explanation was that
the reservoir space of HGM could take in the internal stress and
ASR expansion.

In this study, pre-soaked LWAwas used as a fine aggregate and an
internal curing agent for the production of L-UHPC. The morphology
of LWA indicated that many open pores were embedded in the
matrix of LWA (Fig. 3). These pores could act as water reservoirs to
supply water to their surrounding paste for internal curing. There-
fore, the water release from the LWA was thought to result in the
mitigation of the self-desiccation of L-UHPC (Fig. 12). Besides its abil-
ity to reduce autogenous and drying shrinkage, the desorbed water
from the LWA might be able to promote the further hydration of
unhydrated cement and the secondary pozzolanic reaction of unre-
acted SF. To validate this proposition, heat of hydration of the mix-
tures was measured by isothermal calorimetry (Calmetrix I-Cal
4000) and the results are plotted in Fig. 18. As compared to UHPC1,
the L-UHPC prepared with the same w/b ratio released more heat
within 3 days. The higher heat flow rate of L-UHPC (Fig. 18b) resulted
in higher heat output. The enhancement of the hydration means that
more hydrates were produced which would further strengthen the
paste matrix surrounding the LWA. Hence, the higher microhardness
of paste matrix in the L-UHPC was attained (see Section 3.3.3). The
UHPC2 and HPCM mixtures showed earlier exothermic peaks and
higher total amount of heat due to their higher water contents and
the less amounts of water reducing agent used. Recently, several
studies also suggested that the use of a small volume of pre-
saturated LWA could increase the mechanical properties of UHPC
[92,95,109]. Such improvement implies that the internal curing effect
derived from pre-soaked LWA could partly compensate the negative
effect of the porous LWA.

The other factor contributing to the ultra high strength was the
use of small size LWA. The smaller size of LWAwould have a higher
ability to resist stress or ion infiltration because the fine LWA con-
tained more small isolated pores rather than large connected pores
[110]. Also, for a given amount of LWA, the smaller size of LWA led
to closer distances between the aggregates [110], thus the exten-
sive distribution of small-sized LWA allowed the absorbed water
to permeate to the paste between the nearest aggregate, which
showed a higher effectiveness in curing the surrounding matrix
in comparison with coarser LWA [111]. The paste could also pene-
trate into the open-pores in the LWA to reinforce the interface
strength of LWA (see Section 3.3.2). Furthermore, the high poz-
zolanic reactivity of LWA under hydrothermal curing and inter-
locking bonding of LWA-paste intensified the rim of LWA and the
vicinal paste matrix (Fig. 17(c and d)). The above physicochemical
interactions might account for the insignificant loss of strength
when the amount of LWA was below a specified volume (see
Fig. 6).
5. Conclusion

This study developed a mix design method to produce a light-
weight ultra high-performance aggregate concrete (L-UHPC) with
ultra high strength, low density and excellent durability. The com-
bined use of a high strength lightweight pozzolanic material (i.e.
HGM) and a small-sized lightweight fine aggregate (i.e. LWA)
19
was effective to produce this L-UHPC. The following conclusions
from the experimental investigation can be drawn:

(i) The analysis of variance indicated the good applicability and
reliability of the response surface quadratic model for the
prediction of density and strength. The use of the Central
Composite Design method was feasible to design a homoge-
nous L-UHPC with ultra high strength and low density. The
incorporation of HGM effectively reduced the density of L-
UHPC without loss of strength.

(ii) The optimized mixture had a compressive strength of
123 MPa and surface-dry density of 1929 kg/m3, which
could be qualified as a lightweight UHPC. The combined
use of lightweight HGM as a pozzolanic material and LWA
as a fine aggregate was effective in reducing density and
attaining ultra high strength. The structural efficiency of L-
UHPC (63.6 kN�m/kg) was much higher than those of current
high strength/performance lightweight concrete.

(iii) The L-UHPC had about half of the thermal conductivity value
of conventional UHPC mixtures. The combined use of HGM
and LWA in the L-UHPC significantly enhanced the sound
absorption due to the incorporation of large quantities of
acoustical cavities.

(iv) The resistance to ion penetrability of L-UHPC was excellent,
which was comparable to traditional UHPC mixtures. Also,
the L-UHPC had a lower rate of water absorption than the
UHPC at the same grade strength. The voids associated with
the HGM and the LWA did not facilitate the ions/water pen-
etration in the L-UHPC.

(v) Very low autogenous and drying shrinkages were found for
the L-UHPC in comparison with the UHPC and HPCM mix-
tures. The internal curing provided by the pre-soaked LWA
was beneficial to mitigating the self-desiccation of the UHPC
paste, and the rigid matrix and lowwater content resulted in
low drying shrinkage.

(vi) The internal curing provided by LWA promoted the further
hydration of unreacted cement and pozzolanic reactions of
LWA and HGM. The paste of L-UHPC had a high microhard-
ness value, which partly counteracted the defects induced by
the HGM and LWA, and contributed to the high strength of
the overall matrix. The physicochemical interactions of
UHPC system, high strength micro-sized HGM and pre-
soaked fine LWA made contributions to produce an L-
UHPC with excellent performances.
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